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Abstract 

We study the possibility of using W pair production and leptonic decay 
of one of the W's at the ILC with polarized beams as a probe of the 
Littlest Higgs Model. We consider cross-sections, polarization fractions 
of the W's, leptonic decay energy and angular distributions, and left- 
right polarization asymmetry as probes of the model. With parameter 
values allowed by present experimental constraints detectable effects on 
these observables at typical ILC energies of 500 GeV and 800 GeV will be 
present. Beam polarization is further found to enhance the sensitivity. 

1 Introduction 

One of the important processes that will be studied at high precision at ILC with 
and without beam polarization is W-pair production. Phenomelonogical studies 
of this process within the Standard Model (SM) have been carried out in great 
detail [TJ [5] . Since properties of the weak gauge bosons are closely linked to 
electroweak symmetry breaking (EWSB) and the structure of the gauge sector 
in general, detailed study of W physics will throw light on what lies beyond the 
SM. The study of mechanisms of EWSB is one of the main concerns of particle 
physics today. The standard Higgs mechanism is less than satisfactory, and faces 
difficulties such as the hierarchy problem. Looking beyond the SM, the newly 
proposed Little Higgs scenarios O |4] provide a dynamical way to generate the 
EWSB, in contrast to the ad hoc introduction of the elementary scalar sector. 
Apart from this aesthetically appealing feature, Little Higgs models provides 
rich phenomenology with predictions that could be vidicated or ruled out at 
future colliders such as the LHC and the ILC. 

One major feature of such models is the presence of additional gauge bosons 
in the physical spectrum. These influence processes like W-pair production 
in e+e^ collisions, firstly directly through their exchange in the process, and 



secondly through the change of standard couplings through mixing with other 
gauge bosons. Although these additional gauge bosons are typically too heavy 
to be produced at reference ILC energies of 500 and 800 GeV which we use in 
the present study, their effects manifest themselves as stated above. Recently 
it was pointed out, in a preliminary study, that for one such model known as 
the Littlest Higgs Model (LHM) , the fraction of longitudinally and transversely 
polarized of one of the W's could be significantly different from the correspond- 
ing fraction in the SM |^. In this work, we consider a refined treatment of the 
LHM to be described below, and extend the prior work to polarization fractions 
and total cross-sections of the W's, energy and angular distributions of decay 
leptons, as well as to observables like the forward-backward and left-right asym- 
metries, which are more sensitive to the effects of the LHM compared to the 
cross-sections. 

The ILC is expected to have large beam polarizations which will significantly 
enhance the sensitivity to new physics, for a review, see ref. [6]. We consider 
different beam polarizations with the aim of improving the sensitivity of the 
observables considered here. 

This article is organized as follows: in Section 2 we, very briefly, introduce 
the LHM, and describe its particle spectrum and couplings relevant to e+e" 
W^W~ . In Section 3 we present our analysis of the total cross section and W- 
polarization fractions in the LHM and compare with the SM case. In Section 4 
we take up the task of probing the model by considering decay of one of the W s 
to a lepton pair. We consider the energy and angular distributions for the cases 
of SM and LHM. We also discuss the left-right as well as forward-backward 
asymmetry in this section. Finally we summarize our study and present our 
conclusions in Section 5. Note that we have included beam polarization effects 
in this study in each of the relevant sections. 

2 The Littlest Higgs Model and W Pair Produc- 
tion at ILC 

In Little Higgs models [3^ a non-linear realization of some global symmetry 
G broken down to H is considered. The Nambu-Goldstone Bosons (NGB) 
of the symmetry breaking are candidate Higgs fields. In a specific model, 
called LHM [i] G = SU{b) is broken down to H = S0{5) via a vacuum ex- 
pectation value (vev) of order /. Interactions of NGB's are described by a 
non-linear sigma model, which is an effective theory valid below the cut off 
A ~ 47r /. In the version of the LHM [H |7l [8] we will consider in this report, 
5(7i(2) X S'C/2(2) X C/y(l) c S'f/(5) is gauged, which is broken down to the SM 
gauge group SU{2)l x U{1)y- Under this, the 14 NGB's transform as a real 
singlet, a real triplet, a complex doublet and a complex triplet. The real fields 
become the longitudinal degrees of the heavy gauge bosons, while the SM gauge 
bosons, and B'^ remain massless at this stage. The doublet NGB field has 
the correct quantum numbers to be identified as the standard Higgs doublet. At 
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tree level, they have only derivative couplings, but quantum corrections at one- 
loop level generate a Coleman- Weinberg potential with quadratic and quartic 
terms, consequently breaking electroweak symmetry. Gauge symmetry is con- 
structed such that, in the absence of any one (original) gauge interaction the 
Higgs is massless to all orders. This also ensures that quadratically divergent 
contributions to the mass-square term at one-loop level are cancelled between 
the gauge bosons from the two sectors. Logarithmically divergent terms con- 
tribute to the potential. In order to avoid a quadratic divergence due to a 
top-quark loop, a pair of (weak-singlet) Weyl quarks Ul, Ur is introduced, 
which mix with the ordinary left- and right- quarks to give mass eigenstates. 
Here again, it is so arranged such that the quadratic divergence coming from 
the standard top-quark is cancelled by its heavy counterpart, and the logarith- 
mically divergent part is added to the Coleman- Weinberg potential. The model 
achieves EWSB, at the same time, protecting the Higgs mass from accquiring 
quadratically divergent corrections at one loop. It is therefore to be expected 
that these models will have a rich phenomenology with distinct signatures that 
can be probed at upcoming collider experiments. An incomplete list of phe- 
nomenological studies of different variations of the Little Higgs Model scenarios 

is ref. [iiiniiHiin]. 

Our interest here is the effective theory below the cut-off A. For the process 
e+e^ W^W~ , we have an s— channel process with the exchange of the 
heavy neutral gauge boson, Zh, in addition to the standard channels as shown 
in Fig. m 
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Figure 1: Feynman diagrams contributing to the process e e"' 
the LHM. 
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Apart from the contribution due to the additional s-channel process, the 
LHM also changes the SM couplings. The relevant couplings in terms of the 
parameters of the LHM is given below in terms of the global symmetry breaking 
scale /, the parameter cos 9, which represents mixing between the two gauge 
sectors of the LHM and the vev. 

The three-point gauge couplings involving WW are given by: 

V^{ki)W''{k2)WP{k^) = igvww [g^^iki - k^Y + 9''P{k2 - k^f + gP^^{k^ ~ k^f] , 

where all the momenta are considered outflowing, and y = 7, Z, Zh- Individual 
gvww are given by: 
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g-iww — 
9zww = 

QZhWW 

Fermion couplings are given by: 
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Following ref. pUj we consider the measured values of the Fermi coupling 
constant, Gf, the Z-boson mass, Mz, and the fine structure constant, aem(Af§) 
as the Standard Model input parameters. The weak mixing angle is obtained 
from the relation: 
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The bare weak mixing angle, 9w is related to the measured weak coupling 
angle, 9o through the following relation: 
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The weak coupling constant expressed in terms of the other parameters becomes 
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The triplet vev, v' is related to the generated quartic coupling, and the guage 
couplings through 
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which is further constrained to \v'\^ /v^ < 7j^/16/^ [S]. In our numerical anal- 
ysis we consider the approximate relation, \v'\'^/v'^ = Note that our 
numerical results are not very sensitive to this choice. Thus we are left with two 
free parameters / and 9. As argued by [TT], precision electroweak measurements 
restrict the parameters to be / ~ 1 TeV and 0.1 < cos9 < 0.9. In our numerical 
analysis we consider some representative values satisfying these restrictions. 

3 Analyses of e"e+ W^W~ 

In this section we present the results of our numerical analysis to probe the 
LHM through the process e"e+ W+W~ at the ILC. 

3.1 The total cross section 

We compute the total cross section incorporating beam polarization using the 
helicity amplitudes given in ref. [T] with the new couplings and with the added 
contribution due to the exchange of Zjj. With beam polarization, in general, 
the polarized cross section may be expressed as [12) : 

+ (l-P,-).(l + Fe+)a^''] , (10) 

where a^^ = ^ W+W~) and a^^ = a^e+el W+W-), with eL,R 

representing the left- and right-polarized electrons (and positrons), respectively. 
The degree of polarization is defined as: Pe = {Nji — NL)/{Nfi + Nl), where 
Nl,r denote the number of left-polarized and right-polarized electrons (and 
positrons), respectively. More than 80% of electron beam polarization and large 
positron beam polarization are expected to be achieved at ILC. In our analysis 
we consider the ideal possibility of 100% polarization of the beams. Our results 
are presented in the figures below. 

In Fig. [5] we present the total production cross-section for a typical choice of 
parameters of the LHM and in the SM of the case of unpolarized and polarized 
beams with a specific choice of beam polarization. It may be seen that in the 
case of unpolarized beams the cross section of LHM does not deviate much from 
that of the SM for energies up to 1 TcV. 

The presence of beam polarization changes this situation significantly. The 
combination, Pg- = -1-1 and Pe+ = is seen to provide the largest deviation, 
which is the case we have chosen to display. However, for this configuration a 
reduced number of I^-pairs is produced, as the dominant t-channel is cut off. 
Notice also that there is no contribution due to the Zh exchange in this case, as 
the Zh couples only to the left-handed electrons. The effect, therefore is purely 
due to the deviation of the standard model couplings. We will return to some 
more properties of this in the next sub-section. 
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Figure 2: Total cross section for W'^ W~ production in an e+e^ collision for 
SM [blue-solid] and LHM [red-dashed] with [a] unpolarized beams [b] polarized 
beams with Pe-=1 and Pf.+ =0. The parametres for LHM are /=! TeV and 
c=0.3 

3.2 W Polarization Fractions 

Here we explore the sensitivity of the ILC to the LHM when we consider polar- 
ization fractions of the W bosons. Such measurements have been considered in 
past experiments for precision studies of the W boson properties at LEP, which 
has measured the fractional cross section of the polarized W^'s [13]. At ILC 
higher precision is expected to be reached. We define the polarization fractions 
as 

/" = aie+e- ^ W^W+)/aunpoi (11) 

f = a{e+e- ^ WTW+)/aunpoi, (12) 

where L stands for longitudinal polarization, and T = ± stands for transverse 
polarizations. 

The three polarization fractions are studied as a function of ^/s which are 
plotted in Fig. \3\ It is readily observed that there is a significant deviation in the 
case of /° and while /+ is largely unaffected. Since these fractions depend 
on various couplings in a complicated way, we do not attempt to explain the 
effects in terms of the changes in the couplings. 

In Table [T] we present firstly the ratio of the cross section in the LHM 
to that in the SM for typical parameter choices, as well as the ratio of /° in 
LHM to that in the SM at = 500 GeV and 800 GeV for the two illustrative 
parameter space points. At y/s—500 GeV for f—1 TeV and c=0.3 the deviation 
is about 65% with unpolarized beams. This is improved marginally to about 
66% for Pe- = — 1, Pe+ — 0- While for the slightly larger value of, / = 1.5 
TeV, the effect is not as dramatic, we still have significant deviation of about 
25 - 30% in On the other hand, the configuration with purely right handed 
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electrons and unpolarized positrons has the eflFect of completely washing out the 
effect of the LHM in the polarization fractions. Therefore, beam polarization 
has the dramatic effect of disentangling the effects of the new physics. Crucially, 
there is an interplay between the pure left-handed coupling nature of Zn and 
the corrections to the couplings of the SM Z-boson coming from the parameters 
of the LHM which makes this possible. Considering the precision at which 
could be measured at ILC, such effects are very interesting. 




200 400 600 800 1000 o 200 400 600 800 1000 

V7 (GeV) a/7 (GeV) 

Figure 3: Fractional cross section of M^", [a] longitudinal (/°), and [b] transverse 
(/^), with unpolarised beams for SM [blue - solid] and LHM [red - dashed]. The 
parametres in this case are /=! TeV and c=0.3 



3.3 Angular Spectrum of the Secondary Lepton 

In order to exploit further the process at hand, it is profitable to consider the 



decays of one or both the W's. Let us consider e+e — + W^W with W 



l- 



and W'^ going into anything. Energy-angle correlation of the secondary leptons 
is given by the following expression [Ml [15] : 
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Expression for the function A{s,x,9i) is given in the Appendix for arbitrary 
beam polarization, while in the above x — 2Ei/^/s, where Ei is the energy of 
the secondary lepton in the e"'"e~ centre of mass frame with ^/s the centre of 
mass energy, and 9i is its polar angle. BR{W^ — > e^D) is the leptonic branching 
ratio of W, Tw is its width, and r = m^/s. In principle, the decay width and 
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1 

1.5 
1.5 


0.3 
0.3 
0.5 


1.04 
1.02 
1.00 


1.65 
1.27 
1.25 


1.05 
1.03 
1.00 


3.01 
2.06 
1.72 


-1 





1 

1.5 
1.5 


0.3 
0.3 
0.5 


1.04 
1.01 
1.00 


1.66 
1.28 
1.26 


1.05 
1.02 
1.00 


3.08 
2.12 
1.75 


+ 1 





1 

1.5 
1.5 


0.3 
0.3 
0.5 


1.60 
1.25 
1.17 


1.00 
1.00 
1.00 


2.81 
1.69 
1.46 


1.00 
1.00 
1.00 



Table 1: Ratios of the cross section and W polarization fractions in the LHM 
to those in the SM for different beam polarizations, and for some illustrative 
values of / and c. 

branching ratios of W can be different from those of the SM values. But, in the 
case when the additional fermions are heavy, we can assume an SM like decay 
of the W. In our analysis we have taken this approach. 

From the above energy-angle correlation, we obtain the cos Oi distribution by 
numerically integrating over x. Fig [3] shows the angular distribution for different 
polarization combinations for y/s = 800 GeV. It may be noted that the 9i 
distribution closely follow the pattern of the angular distribution of the W", 
which is expected to peak in the forward region for unpolarized beams and with 
left-polarized electron beams, but is symmetric in the case of right-polarized 
electron beams. This is expected as the W is produced with large kinetic energy, 
and the decay leptons are expected to follow its momentum direction. The case 
of right-handed electron beam FiglDJc) is interesting. Recall that Zh couples 
only to the left-handed electrons. Therefore, there is no contribution from the 
Zh exchange when we have right-polarized electron beam. But, we still notice 
appreciable deviation in the angular distribution compared to the SM case. 
This comes about through the change in the SM couplings. Similar effect was 
seen in the case of total cross section also. In the case of y/s ~ 500 GeV the 
effect is similar, but somewhat less pronounced and therefore not displayed here 
explicitly. 

A useful quantity to obtain in the case of unpolarized and left-polarized 
beams is the fraction of leptons emitted in the backward direction, which may 
be defined as: 

{da/d cos 01 ) d cos 6i 

fback — ~7i ~ ' ^ 

J _i [da / d COS 9i) dcosBi 
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In Table [5] we present these fractions for = 500 GeV, and 800 GeV. The de- 
viation is about 34 % at ^/s =500 GeV for /=lTeV and c=0.3 with unpolarised 
beams. Notice that the effect is not very sensitive to the choice of c. But larger 
/ values tend to reduce the effect drastically. Using left-polarized electron beam 
(Pe- = — 1) does not affect the above results significantly. At ^/s = 800 GeV, 
the effects are even more dramatic, as can be judged from the Table. In the 
case of right-polarized electron beam (Pg- — +1)? fback remains the same in 
both LHM as well as SM. 




Figure 4: Angular distribution of secondary leptons at -^3=800 GeV within SM 
[blue - sohd] and LHM with /=! TeV, c=0.3 [red - dashed] and with /=1.5 
TeV, c=0.3 [black - dot-dashed] for [a] unpolarized beams, [b] with P^-=-l and 
Pe+=0, and [c] with P^-= 1 and Pe+=0 

Another useful observable related to the angular asymmetry is the forward- 
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-0.94 
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LHM 


1 

1.5 
1.5 


0.3 
0.3 
0.5 


0.044 
0.037 
0.037 


-0.91 
-0.93 
-0.93 


0.044 
0.032 
0.030 


-0.91 
-0.94 
-0.94 



Table 2: Fraction of leptons emitted in the backward direction, and the forward- 
backward asymmetry for both LHM and SM model for unpolarized and polar- 
ized beams with different choices of parameters. 



backward asymmetry defined as: 

J^^{da/d cos 9i) dcos6i — {da/dcos6i) dcosOi 



Afb = 



J^-^{da /d cos 6 1) d cos 9i 



(14) 



In Table [2] is tabulated for different parameter values at two different 
collider energies. Deviation of about 5% is observed in the asymmetry for / = 1 
TeV and c = 0.3. 



3.4 Energy Spectrum of the Secondary Lepton 

The energy spectrum of the secondary leptons are sensitive to the helicities. 
The energy distribution in the centre of mass frame may be written in terms of 
the polarization fractions of the W^s in the following form [15j : 



1 da 

a dx 



2 



- (1 - 2xf)+ 



l + 2x)^ + -f-if3 + l-2xy 



(15) 



In Fig. [5] we present the energy spectrum of the charged decay lepton for 
~ 800 GeV. We notice that a slightly larger fraction of hard leptons are 
produced in the case of LHM compared to the case of the SM. The effect is 
much smaller in the case of y/s = 500 GeV. While it is true that the effect is 
not dramatic, given the fact that the lepton energy spectrum could be obtained 
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easily and with high efficiency, this observable might be useful in probing the 
LHM. 




Figure 5: The energy spectrum of the charged decay lepton in e+e^ — > 
VF"'"W~,with W~ — > l^D at \/s=800 GeV. Unpolarised beams are used for 
SM [blue - solid] and LHM [red - dashed]. The parametres in this case are /=! 
TeV and c=0.3 



3.5 Left-Right Asymmetry 

The new gauge boson Zh in the LHM has the peculiar property of coupling 
only to left handed fermions as mentioned earlier. On the other hand, the SM 
Z couples to both left- and right- handed fermions, but the corrections to the 
Ze~^e~ coupling is such that only the left-handed electron coupling is affected. 
Thus, one would expect appreciable change in the asymmetry between the left- 
and right-polarized cross sectionos. 

We define the left-right asymmetry in the differential cross section as: 



^diff ^ {da{e^e+)/dcose - da {ej^e+)/d cos 9) 

{da{ele+) /d cos + da{e]^el)/d cose)' ^ ' 



where 9 is the W scattering angle. Fig. [S] shows the LR asymmetry for two 
energies. Even at low energies the deviation becomes apparent. 

We may go one step further by considering an integral version of this asym- 
metry as better efficiency may be obtained this way, by integrating each of the 
differential cross sections from an opening angle 9^ up to an angle tt — 90, for var- 
ious realistic values of 9o to which the data can be integrated without difficulty. 
We define the integrated left-right asymmetry as: 



ae,{elel^W+W-)+ae,{e-„el^W+W~' 



where ae^^ stands for ^ ^" {d9 {da/d9). This asymmetry, for different parame- 
ter values at = 500 GeV and at = 800 GeV is tabulated in Table d We 
see that the asymmetry is not affected in any significant way at ^/s — 500 GeV 
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SM 


0.992 


0.995 
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0.3 


0.988 


0.986 


LHM 


1.5 


0.3 


0.990 


0.992 




1.5 


0.5 


0.991 


0.993 


^0 = 15 


O 








SM 


0.985 


0.987 
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0.3 


0.978 


0.967 


LHM 


1.5 


0.3 


0.982 


0.979 




1.5 


0.5 


0.983 


0.981 


= 30" 


SM 


0.974 


0.976 




1 


0.3 


0.962 


0.945 


LHM 


1.5 


0.3 


0.969 


0.964 




1.5 


0.5 


0.970 


0.967 


^0 =45 


O 








SM 


0.960 


0.962 




1 


0.3 


0.945 


0.920 


LHM 


1.5 


0.3 


0.953 


0.945 




1.5 


0.5 


0.955 


0.949 


6'o =60 


O 








SM 


0.944 


0.946 




1 


0.3 


0.927 


0.897 


LHM 


1.5 


0.3 


0.937 


0.926 




1.5 


0.5 


0.939 


0.931 



Tabic 3: Alr for various opening angles for SM and LHM with different 
choice of parameters. 
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Figure 6: The left-right asymmetry for SM [blue - solid] and LHM [red - dashed] 
at [a]ys=500GeV [b]Vi=800GeV. The parametres considered are / = 1 TcV 
and c = 0.3. 

or at ^/s = 800 GeV for the parameter combinations considered, when no cut 
on angle is applied. Interesting patterns may be observed from this table. An 
interplay between the differential asymmetry plotted above, and the fact that 
the bulk of the contribution to the cross section comes from the forward region 
where the asymmetry itself is not appreciable leads to more sigificant results 
when the cut-off angle is larger. In other words, as the cut-off angle increases, 
the region of deviation between the LHM and the SM is weighted more effi- 
ciently. The case of Oq ~ 15° is worthy of note, as there is a cross-over in the 
asymmetry for -^s 800 GeV and the effect is completely is wiped out. 

4 Conclusions 

Understanding the phenomenon of electroweak symmetry breaking is central 
to the study of elementary particle physics. Among the viable alternatives to 
the Standard Higgs Mechanism is the Little Higgs Scenarios, which provides a 
natural way to dynamically generate electroweak symmetry breaking. In this 
report we have considered the LHM which is one simple version of this scenario. 
Such a model predicts the existence of additional gauge bosons with masses in 
the TeV region. We have considered the process e+e" W~^W~ to probe this 
model. Presence of a heavy neutral gauge boson in addition to the SM gauge 
bosons, and the change of couplings of the SM particles affect this process. 

We have studied the total cross section and the polarization fraction of the 
Ws produced for typical parameter values. We conclude that for suitable choice 
of beam polarizations, there can be more than 50% deviation in the cross section 
for -y/s around and above 500 GeV. The polarization fractions are found to be 
more sensitive to the new effects, which can be two or three times the SM value 
at -y/s = 800 GeV. The fact that the W polarization fractions can be very 
precisely measured at ILC shows that study of these observables can effectively 
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probe the LHM. 

Study of secondary lepton distributions can be carried out efficiently at the 
ILC. Our study of the energy and angular distributions in the laboratory frame 
shows that significant deviation from the SM expectation is possible for param- 
eter sets of LHM allowed by the present experimental constraints. We see that 
the angular distribution is better suited in the present case with fraction of sec- 
ondary leptons emitted in the backward direction deviates from the SM value by 
significant amounts. We have introduced a LR asymmetry for the differential as 
well as the integrated cases, where the integration is performed over an opening 
angle given by Oq. It is shown that a judicious choice of 9q can provide a window 
for observing striking deviations from the SM and provide a discriminating tool 
for the LHM. 

While a more complete study including, for instance, detector efficiencies, 
and larger parameter space scan is pending, our study with representative pa- 
rameter points illustrates that W pair production in e'^e" collisions at ILC 
energies can probe the LHM very effectively. 

Acknowledgements: BA thanks the Department of Science and Technology, 
Government of India for support during the course of these investigations. 

Appendix: A{s, x, 6i) 

The expression for energy-angle correlation for the unpolarised beams is given 
in Ref. [Ml [15] , for the SM and for the BESS models respectively, which may be 
easily adapted for the LHM. The generalization to include arbitary beam polar- 
ization for each of these models can also be done in a straightforward manner. 
Here we give it for the LHM. The expressions result from straightforward Dirac 
trace techniques to include longitudinal beam polarization, by evalauting the 
electronic part of the Feynman diagrams given in Fig. 1. In particular, for Cs 
and C'g the requisite traces which produce the beam polarization dependence 
associated with them are analogous to those that have been explicitly discussed 
in ref. [16] . The beam polarization dependence in Cint and Ct which we have 
presented explicitly here, reflect the maximal parity violating nature of the cou- 
plings of the Ws to the electrons and positrons in the t-channel diagram. 

For arbitrary beam we have A{s, x, 9i) = CgAs + C^A^^ -\- CintAmt + CtAt, 
with 

3 T t'^ X, f 1 

As = ---r-- + — + -1-X 1 + — 
2 X x'^ T \ 4t 

+ f-^-r + 3--34 + ;i + -(l-x) fl-±))cos2 0,, 
\ 2 X x^ 2t T \ 4:T J J 

a' = 2 I H- -5- - 2a;- 2- I cosfli, 
\ 4t X J 

= -2r+^-2+^(l-.)(l + ^) + (l + ^-|:-2x)cos^. 
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-Rx^ ( 2 + (cos 61/ -/3 cos 61) x ^2 - ^1 + i ) /? cos 6 + cos 6i 
I „ 2x x(l — x)\ cos 9i , X - 1 



T 4r2 y 2r V ' '2r/ 2t 

2 

—a; R{(3 cos 6 — cos Oi ) f3 cos 6 + 2x^aR^{/3 cos 9 — cos 6*; ) 



Here 



i? = [4t^ + (/? cos 9 — cos 9i){l3 cos 9 - 0^ cos 9i)\ " 
a — 2t — 1 + j3 cos 9 cos 9i , 

where cos0 = 1/(3{1~2t/x) is the scattering angle of W~ and /3 = (1 — 
4m^/s)2 is the velocity of W~, both in the centre of mass frame. The coeffi- 
cients, C's are given below for arbitrary beam polarizations with Pg- and Pg+ 
denoting the degrees of electron and positron beams, respectively. In addition 
to the standard channels (as given in Ref. [HI [15]), these coefficients include 
the contribution due the Zh exchange. 



= (1-Pe-Pe+) (SVVV + ^ (SC^)] + 

4 glww [(4)' + (c|)' - P {2c%cl)] + 

2 sz g^ww 9ZWW [c^z + c^c| - P {c^z + c|c!;)] + 

2 sz„ g^ww 9ZhWW {c^z^ + c"c|^ - P (c^4^ + c|^c!;)] + 

c\ = (i-p,-p,+) (ffVw [2c;c;-p((c;)2 + (4)^)] + 

s| 9lww [2c|4 - + (4)')] + 

5Lww [2cL4« - P {{cl„f + (c|„)2)] + 

2 sz 57WW [(4c; + c;4) - p (c;4 + c;4)] + 

2 sz^ 9,ww 9z„ww [{c^'z^c^; + c^J^,) - P (c!;4„ + ^4^)] + 
2 sz sz, gz^ww 9ZWW [{c%„c"z + c%c"z^) - P {^z^l^ + 4,4)] ) 

Cint = givW {d'yWW (c^ + c") + Sz QZWW {Cz + c|) + Sz„ .9Z„WW (4if + c 
X(l-P,-)(1+P,+ ) 

Ct = X (1-P,-)(1 + P,+ ) 
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Here, the effective polarization, P = {P^- ~ Pe+)/(l — P^-P^^), and the prop- 
agator factors are defined as: sy = ^/(s — m-y), where my is the mass of the 
corresponding gauge boson, V — Z, Zh- We have assumed that the centre 
of mass energy is sufficiently far away from the threshold regions of the gauge 
bosons involved. 
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